Abstract: The surface crystallization of three different polyhydroxy alkanoates (PHAs), poly(3-hydroxybutyrate) (PHB), PHB-co-5 weight percent 3-hydroxyvalerate (PHBV5), and PHB-co-12 weight percent 3-hydroxyvalerate (PHBV12), under different processing conditions is analyzed with depth profiling attenuated total reflection spectroscopy (ATR) and differential scanning calorimetry (DSC). The results of ATR indicate that there is a crystallinity distribution on the outer 2 microns thick surface layer. The degree of crystallinity in different penetration depths follows the order of 0.92µ > 0.41µ > 1.70µ for all three hot-pressed PHAs studied and the outer surfaces have a much greater crystallinity than the bulk. The surface crystallinity of specimens is in the order of PHB > PHBV5 > PHBV12 regardless of the different penetration depths analyzed which is consistent with the DSC results. It is also obtained that the effect of annealing in enhancing the crystallization of PHAs is more significant in the surface layer. The surface crystallinity of PHAs obtained after annealing follows the trend of Petri-dish side of solvent-cast PHB > hotpress PHB > air side of solvent-cast PHB > PHBV5 > PHBV12. The difference in crystallinity between the surface and the bulk of PHAs decreases with the addition of 3-hydroxyvalerate but increases after annealing. It is confirmed that the film forming method and the substrate contacted affect the surface crystalline state of PHAs which is attributed to the changes in crystallization conditions in the surface materials.
Introduction
Polyhydroxyalkanoates (PHAs) have gained increasing attention lately because its biosynthesis nature can alleviate the production problem of oilbased synthetic polymers resulting from the possible shortage of oil supply. Since the introduction of PHAs in the 1920's, a lot of studies have been done on investigating the biosynthesis process, the genetic engineering of the bacteria, the mechanical properties, the biodegradation process, the biocompatible nature, the surface modification method, etc., of different PHAs in order to produce a cost-competitive product with inherent unique biodegradation and biocompatibility properties [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .
In general, the biodegradation property of the biopolymer PHA depends on the external environment (like temperature, humidity, acid-base nature, nutrient, oxidation potential, oxygen content, pressure, light source, mineral, salt, etc.), intrinsic properties of the polymer (such as composition, degree of crystallization, surface area, additive, molecular weight, degree of branch, etc.), and bioorganisms (e.g., enzyme, concentration, adsorption site, enzyme inducing agent, inhibitor, etc) [1, 2] . Regardless of the external factors described above, the surface properties such as the extent of crystallinity, crystal size, roughness, and chemical composition of the surface layer mainly determine the biodegradation rate of PHAs [3] [4] [5] [6] [7] [8] . This is due to the fact that the controlling step of the biodegradation process relies on the reaction on the surface since PHAs are hydrophobic materials with limited gas permeability whereas the microorganisms attack from the outmost surface layer. It is indicated that the surface crystallization affects the gas permeability and water soluble content of PHA that change the biodegradation rate [3] .
It is believed that there are two major steps involved in the PHA biodegradation process; the adsorption of depolymerases begin first and then the enzyme hydrolysis follows (or the surface erosion) [4] . Doi et al. have found that the adsorption of depolymerases starts from the surface crystalline region while the attacks are located in the surface amorphous area [5] . The degree of enzyme hydrolysis is inversely dependent on the degree of crystallinity on the surface of molded poly(3-hydroxybutyrate) (PHB) [6] . A higher crystallinity results in a lower biodegradation rate [7] . In addition, an increase of the crystal size on the surface also causes a decrease of the degradation rate [8] . As indicated, the irregular chain orientation sites on the surface are the starting points of the bio-attacks and the degradation rate in the amorphous region is twenty times faster than that of the crystalline region [6] .
Different PHAs usually have different chemical compositions which lead to different chain orientations, roughness, and crystallinities present on the surface layer, and consequently results in different biodegradation rates. As a result, the incorporation of different constituents in the PHB can be used to modify the desired properties. It is shown that the biodegradation rates of PHB-co-3-hydroxyvalerate (PHBV) and PHB-6-hydroxy-hexanoic acid copolymer are found to be much greater than that of the PHB because of the changes in surface compositions, crystallinities, and roughness of PHB by the addition of copolymer constituents [4] [9] .
In addition to the biodegradation property, the important biocompatibility is also affected by the crystallization behavior on the PHA surfaces. The biocompatibility of the PHA can be used to immobilize enzymes and proteins, and manufacture medical suture, scaffold, and substitutes applied in human body, yet the biocompatibility is closely related to surface properties of the PHA because it should offer surface sites for cell adhesion, migration, proliferation, and differentiation [10, 11] . As shown, PHB has a fast crystallization rate and a high degree of crystallization which results in the formation of irregular pores on the surface and retards the adhesion and growth of the mammalian cell. With a decrease of the crystallization rate and the degree of crystallization by blending with the PHB-co-3-hydroxyhexanoate (PHBHHX) constituent, the resulting surface of modified PHB becomes more smooth and regular, and this improves the adhesion and growth of the cell, henceforth, increases the biocompatibility [10, 11] .
As described above, the important effects of the surface properties on the biodegradation and biocompatibility of the PHAs are well recognized. In this study, the surface crystallization of PHAs under different processing conditions is analyzed with depth profiling attenuated total reflection spectroscopy (ATR). The use of ATR in analyzing the surface properties of PHAs have been shown by other investigators [12] [13] [14] . For example, from ATR spectra obtained, Yoshie et al. have proposed that the enzymatic hydrolysis of PHB could result in a change in chain mobility or an increase of crystalline area on the surface because of cracking of surface crystalline lamellas [12] . Padermshoke et al. have applied time dependent ATR coupled with two-dimensional correlation analysis to study the surface melting and crystallization behaviors of PHB and PHBHHx and concluded that the crystal growth at the surface layer is different than that in the bulk polymer and more crystals are present at the surface than in the bulk [13] . In addition to these results, interesting changes of the surface crystallinity of different PHAs are demonstrated in this study.
Results and discussion
The representative ATR difference spectra taken from the hot-press PHB surface using Ge(60 o ), KRS-5(60 o ), and KRS-5(45 o ) IRE's are shown in Figures 1A, 1B , and 1C, respectively. The bands near the region of 3000~2900 cm -1 are from the stretching vibrations of various C-H (methyl and methylene) groups. The 1724 and 1741 cm -1 bands are due to the stretching bands of the crystalline and amorphous carbonyl groups, respectively [15] . The symmetric wagging of the methyl groups results in the absorption band near 1380 cm -1 . The band near 1230 cm -1 is related to the conformational band of the crystalline helical chains and used to compare the crystallinities of various specimens in this study because it is absent in the amorphous region and not affected by adjacent bands [15] . In addition, the asymmetric and the symmetric stretching bands from the C-O-C functional groups are shown near 1186 and 1133 cm -1 , respectively. The bands near 840 and 827 cm -1 are characteristic of the bending absorption of methyl and methylene groups, respectively [16] . Among these, it is shown that the absorption bands from the crystalline regions of PHB appear near 1724, 1278, 1230, and 980 cm -1 while the amorphous bands are around 1741, 1453, and 1186 cm -1 [15, 17] . In this study, the 1453 cm -1 band, the asymmetric deformation of methylene groups, is used as the reference band to calculate the absorbance ratios from ATR spectra because its intensity is independent of crystallinity [17] .
From the refractive index of the PHB (n;1.50), the penetration depths (d p 's) of different IRE's are calculated with known refractive indices of the Ge (n=4.01) and KRS-5 (n=2.38) by the following equation, [18, 19] [17] . The ratios of A(1230)/A(1453) calculated from the ATR spectra taken from the hot-pressed PHB surface are shown in Table 1 and Figure 2 . The A(1230)/A(1453) ratios obtained from the PHB specimen indicate that a greater crystallinity is in the 0.41µ (ratio=3.39) and in the 0.92µ (ratio=3.65) thick layers than in the 1.70µ layers (ratio=3.06). This fact confirms that more crystalline materials are on the surface than in the bulk. The difference in crystallization behaviors between the surface and the bulk found in many crystalline polymeric materials is closely related to changes in compositions (segregation and migration from constituents with different M. W., mobility, solubility, and surface energies), cooling rates, concentrations of nucleatinglike species from additives, chain conformations, and reorganizations between the surface and the bulk [20] [21] [22] . It is shown that the crystallization of PET starts from the surface layer because the low M. W. molecules on the surface results in a lower glass transition temperature but a higher nucleating rate than in the bulk [20] . These characteristic changes on the surfaces would be affected by the external contacts such as the mold surface to induce a different crystalline behavior than in the bulk.
The great crystallinity on the surface can also be confirmed by comparing the intensities of bands near 1724 cm-1 (see Figure 1 ). The absorbance ratios of A(1724)/A(1453) obtained follow the order of Ge(60o) (ratio=14.33) ≈ KRS-5(60o) (ratio=14.48) >> KRS-5(45o) (ratio=9.51), which indicates that a much greater crystallinity are in the 0.30µ and 0.65µ layers than in the 1.21µ layer since the dp's of the crystalline band near 1724 cm-1 are about 0.30µ, 0.65µ, and 1.21µ for Ge(60o), KRS-5(60o), and KRS-5(45o), respectively. Combining with the result obtained from A(1230)/A(1453) ratios, the degree of crystallinity in different penetration depths can be described as 0.30µ=high, 0.41µ=high, 0.65µ=higher, 0.92µ=highest, 1.21µ=low, and 1.70µ=medium. It is obtained that there is a clear crystallinity distribution in the outer 2 microns thick surface layer.
A similar result can be obtained from the PHB modified with 3-hydroxyvalerate. The ATR difference spectra taken from the hot-press PHBV5 surface using Ge ( As shown in Table 1 and Figure 2 , a difference in intensities of crystalline bands near 1230 cm -1 can be obtained among three spectra. The A(1230)/A(1453) ratios shown also imply that more crystalline materials are in the 0.41µ (ratio=2.38) and the 0.92µ (ratio=2.55) layers than in the 1.70µ layers (ratio=2.20). The PHBV5 have a similar change in crystallinity with the PHB after hot-press molding and also have a greater crystallinity in the surface layer with the d p about one micron.
Additionally, these A(1230)/A(1453) ratios calculated from PHBV5 are all smaller than those obtained from the PHB indicating that PHBV5 have a smaller crystallinity than PHB at all the penetration depths analyzed (see Table 1 and Figure 2 ). This result is consistent with those obtained by many other investigators that the introduction of 3-hydroxyvalerate constituent to the PHB could decrease the crystallization rate and the extent of the crystallization because of an increase in irregularity resulting from the longer side chain of 3-hydroxyvalerate.
As expected, a further decrease in crystallinity is obtained from the PHBV12 (see Figure 4) . Table 1 lists the A(1230)/A(1453) ratios calculated from the ATR spectra of PHBV12 and it is obvious that the ratio decreases in the order of PHB > PHBV5 > PHBV12 (Figure 2 ). An increase of the 3-hydroxyvalerate content results in a decrease of surface crystallinity in PHBV. However, a larger crystallinity is still observed in the penetration depths of 0.41µ (ratio=2.01) and 0.92µ (ratio=2.10) than the 1.70µ (ratio=1.91). From the results of ATR, all three PHAs studied show a difference in crystallinity in the surface layers, and the outer surface layer (~one micron penetration depth) all have a greater crystallinity than the inner layer. In addition, the difference in crystallinity between the outer and the inner layers decreases with an increase of 3-hydroxyvalerate content. For example, the differences of A (1230) , and PHBV12, respectively. It is concluded that the material with a higher crystallinity in the bulk would have an even higher crystallinity and the larger changes in crystallinity in the surface layer. The result is expected since the change in crystallization conditions, like those on the surface as described previously, would affect the highly crystalline material significantly.
Different film forming methods could also change the surface crystalline state of the PHB material. As shown in Table 1 and Figure 2 , the Petri dish contacted surface of solvent-cast PHB has much greater A(1230)/A(1453) ratios than the hot-press film at all three penetration depths. Yet the air contacted side has a lower ratio at Ge(60 o ) than the hot-press PHB but vice versa in KRS-5(60 o ) and KRS-5(45 o ). The Petri dish contacted surface also has the greater A(1230)/A(1453) ratios than the air-side surface especially at Ge(60 o ) and KRS-5(60 o ). It is clear that the solvent-cast film has a different crystallinity on both two surfaces than the hot-press specimen and shows a greater crystallinity at the PHB-Petri dish interface than at the PHB-air interface. The free standing side (air-side) of solvent-cast PHB has the lowest crystallinity on the outmost surface layer with d p about 0.41µ. This could attribute to the changes in crystallization conditions resulting from the different substrate contacted during the crystallization as described previously, and the presence of solvent in affecting the crystallization behavior explained below. Additionally, the thermodynamic low energy concern which would be explained later could also result in the low crystallinity obtained at Ge(60 o ) on the air-side of solvent-cast PHB.
The solvent induced crystallization has been investigated by many researchers. It is shown that the solvent with the better solubility of the semicrystalline polymer can have the higher nucleation rate and crystallization rate because of the generation of crystalline nuclei due to activated chain motion, which is different from that of cooling from the molten state [23] . The crystallization behavior of the polymer with solvent is related to the amount of solvent present in the resin whereas a minimum concentration of solvent is necessary to initiate the crystallization process; the concentration of solvent present at the polymer/solvent interface and the solvent diffusion through the semicrystalline resin are key factors in determining the crystallization kinetics [24] . Sun also indicated that the amount of solvent and the evaporation speed affected the crystallization kinetics and the crystallinity of the polymer [25] . Accordingly, these solvent-related effects would result in the difference in surface crystallinities observed between solvent-cast and hot-press PHB specimens. It is well known that the properties of the crystalline polymers are closely related to the thermal history or thermal treatment of the materials. In this study, the effect of annealing on the surface crystallinity of PHAs is also studied. For comparison purpose, the transmission IR spectra taken from the as-received PHB material (i. e. IR from the bulk) before and after annealing are shown in Figure 5 . It is clear that the thermal annealing results in a relatively small increase in intensity of the crystalline band near 1230 cm -1 . The A(1230)/A(1453) ratios are 2.08 and 2.32 before and after annealing, respectively. As confirmed by DSC analyses shown later, the as-received PHB is room temperature reserved for an unknown long time and already has a great crystallinity built up during the storage, henceforth, it shows only a small change in crystallinity after annealing. Different from the bulk, a greater increase of surface crystallinity is obtained from the hot-press PHB surface after the thermal treatment. From Figure 6 and Figure 2 ). The percentage increases in absorbance ratios after annealing are about 47.7%, 55.0%, and 39.8% for penetration depths of 0.41µ, 0.92µ, and 1.70µ, respectively. The outer surface layer (d p ≈1µ) has the greater change than the inner layer (d p ≈2µ). The effect of annealing in enhancing the crystallization of PHB is more significant in the outer surface layer. It is recognized that the annealing procedures could affect the degree of crystallization and the crystal size on the surface and subsequently change the modulus, the toughness, and the degree of solvent swelling of the material [20] . In addition, the annealing process can remove the conformational defects in molecular chains, cause rearrangement of chain molecules and lead to the elimination of crystal defect and improvement of the preferential orientation of the crystal axes [26] . Henceforth, the preferred and probably easier reorganization or rearrangement in the surface layer during annealing could lead to a greater enhancement in crystallization on the surface than in the bulk observed in this study.
The effect of annealing time on the crystallinity is also tested. As shown in It is interesting to note that for hot-pressed specimens the crystallinity in different surface layers follows the order of KRS-5(60 o ) > Ge(60 o ) > KRS-5(45 o ) for all three PHAs studied, and the increase in crystallinity after annealing also follows the similar order. Despite various effects as described previously on the surface crystallization, the lower crystallinity in Ge(60 o ) than that in KRS-5(60 o ) could be attributed to the result of the thermodynamic requirement of the low surface energy on the surface of molded material. Since the crystalline parts have a higher surface energy than the amorphous domains in a semi-crystalline material. The outmost surface would tend to constitute of more amorphous materials than the layer underneath in order to reach a more thermodynamic stable low surface energy state during the crystallization. This low energy consideration could result in the differences obtained in the outer (detected by Ge(60 o )) and the middle surface (detected by KRS-5(60 o )) layers from various PHAs analyzed. As shown in Table 1 , this effect of the low energy consideration would be more significantly exhibited on the outmost air-side surface of solvent-cast PHB (i. e., from the Ge(60 o )) which has the lowest crystallinity because its much greater mobility during the solidification let it more easily accommodate the lower energy state than other surfaces (the surface low energy confirmed in the study). Nonetheless, this needs to be further studied to better explain the difference among specimens prepared.
Regarding the solvent-cast PHB after annealing, the crystallinities obtained at different d p 's from both the two surfaces also follow the similar trend as those from three hot-pressed PHAs after annealing. But by comparing to the hotpressed PHB, the crystallinities of annealed specimens are in the order of Petri-dish side of solvent-cast PHB > hot-pressed PHB > air side of solventcast PHB. The absorbance ratios from the Petri dish side of solvent-cast are still all greater than those from hot-pressed PHB and the absorbance ratio obtained from the air-side at Ge(60 o ) remains to be the smallest. It is obvious that the influence of solvent on the outmost surface layer is still effective during annealing which significantly affects the crystallization behavior of the free surface of PHB.
DSC analyses
The significant difference in crystallinities between the surface layer and the bulk can be better substantiated by comparing the bulk crystallinities obtained from the DSC analyses of different specimens. The DSC thermograms obtained from different PHAs before and after annealing are shown in Figures  7 and 8 , respectively. As indicated, the as-received PHB have few changes in thermograms after annealing and have only one broad endotherm which may imply a resin containing crystals with various lamellar thicknesses. The peak of the melting temperature (Tm) remains near 176 o C after thermal exposure. This result is usually obtained from the long-time room temperature aged PHB. Although a high crystallinity is commonly seen from the as-received PHB, the melting enthalpy still increases from 96.6 J/g to104.8 J/g (~ 8.4% increase) after annealing ( Table 2 ). Comparing the increase of the A(1230)/A(1453) ratios obtained from the transmission IR (bulk PHB) after thermal treatment, which is 11.5% (increases from 2.08 to 2.32 as shown previously), the ratio of change from the DSC analyses is smaller because of the further crystallization during the DSC scanning process. A similar result is obtained by Xu et al. [17] Different shapes of endotherms and characteristic values can be obtained from the differently prepared PHB's. As shown in Figure 7A , the hot-pressed PHB's have one broad peak in the DSC thermogram with an endotherm (90.5 J/g) lower than the as-received PHB (96.6 J/g) and have a Tm peak near 176 o C. The broad peak would be consistent of one cooling-crystallized part with a lower Tm and a heating-crystallized (or melt-recrystallized) part with the higher Tm. This can be observed more clearly from solvent-cast PHB, which has two clear peaks, one smaller with a lower Tm and one bigger with a higher Tm, in the melting ranges indicating a different crystalline behavior during the film formation than the hot-pressed PHB. The multiple melting endotherms of PHB have been already shown by many investigators [27] [28] [29] [30] . It is proposed that the multiple melting endotherms can result from (1) melting, recrystallization, and remelting during the DSC scanning process, (2) different forms of crystals, (3) crystals with different size, lamellar thickness, and perfection, (4) effect of physical aging and relaxation, and (5) crystals formed from different molecular weights [31] . Regarding PHB, it is usually attributed to the factors (1) and (3) for forming multiple melting peaks in DSC thermograms [27] [28] [29] [30] . Additionally, the coexistence of two lamellar populations with different perfections that are heating-rate dependent can develop simultaneously and also cause two double melting peaks [31] .
As shown, the solvent-cast PHB have melting enthalpy/crystallinity (96.6 J/g) higher than that of hot-press PHB (90.5 J/g, see Figure 7 and Table 2 ). Yet from ATR analyses, the A(1230)/A(1453) ratios obtained from the hot-press PHB are significantly different than those of solvent-cast PHB depending on the penetration depth and the surface of solvent-cast specimen compared. As described previously, a different molding condition could alter the crystallization kinetics and the formed crystalline state drastically due to the resulting changes in cooling and nucleating processes on the surface and in the bulk of the material. The results of ATR and DSC confirm that a change in the molding method affects the crystallization differently both on the surface and in the bulk. The standard deviations of Tm are lower than 0.5 0 C. The standard deviations of ΔH are lower than 0.7 J/g. After annealing, a similar result is observed from prepared PHB specimens. From Figure 8 , the solvent-cast PHB still have two peaks but with a bigger peak at the lower Tm than that before annealed due to the increase in crystallinity of the cooling-crystallized part in PHB but less meltingrecrystallized peak because of the annealing effect. As expected, a larger endothermic enthalpy of 107.6 J/g is obtained after thermal treatment (see Table 2 ). The hot-pressed PHB also has a similar change during annealing.
The melting enthalpy increases to 98.1 and 101.5 J/g after 17 and 40 hours annealing, respectively. The melting thermograms become narrower and have a smaller melt-recrystallized peak at the high Tm with increasing the annealing time (see Figure 8 ). As that from the solvent-cast PHB, in hotpressed PHB the cooling-crystallized crystalline region becomes more organized during annealing and then has less response to the heatcrystallized and/or melting-recrystallization driving force during the DSC heating scan. The clear difference in shapes of melting thermograms from annealed solvent-cast and hot-pressed specimens again confirms the significant effect of film preparing method on the crystallization behavior of PHB.
By comparing the crystallinities obtained before and after annealing from DSC analyses, it is clear that only a small percentage increase in crystallinity is obtained from the annealing process for all the different PHB specimens tested ( Table 2) . While a great increase in crystallinity is obtained from the ATR analyses in terms of large increases in A(1230)/A(1453) ratios after annealing. In spite of the real crystallinity difference between the surface and the bulk, this is partly attributed to the factor that not like the A(1230)/A(1453) absorbance ratio obtained from the transmission IR which is linearly related to the crystallinity of PHB, the ratios from the ATR spectra is nonlinearly related to the crystallinity due to the difference in penetration depths of 1230 and 1453 cm -1 bands and the exponential decay of the electrical fields of the infrared radiation penetrating into the sample surface. Although the precise quantitative correlation remains undetermined at the moment, the ATR results indicate that a significant semi-quantitative change in crystallinity on the surface of PHB with respect to the sampling depth, the film preparing method, and the annealing procedure can be confirmed.
The DSC thermograms of PHBV5 and PHBV12 exhibit a similar trend as those from PHB. As shown in Figure 7 , two 3-hydroxyvalerate modified PHB materials have two clear melting peaks with Tm lower than those from PHB. Both Tm and melting enthalpy decrease with increasing the 3-hydroxyvalerate content. DSC analyses of PHBV have been shown by many researchers and it is generally known that the incorporation of small amounts of 3-hydroxyvalerate could decrease the crystallization rate and Tm of PHB. Although the decrease in the degree of crystallization is still in debate because the melting endotherm of 100% crystallized PHBV is in question, a decrease in melting enthalpy is commonly obtained in PHBV. These responses are clearly shown in Figure 7 and Table 2 . The melting heat is in the order of hot-pressed PHB >> PHBV5 >PHBV12 which is consistent with the trend obtained from the ATR A(1230)/A(1453) absorbance ratios shown in Table 1 .
After annealing, the thermograms of PHBV5 and PHBV12 also show a lower Tm but a less high Tm peak than those before annealing (see Figures 7 & 8) . As obtained from PHB, this is attributed to the more organized crystalline domain formed in the cooling-crystallized crystalline region during annealing. As a result, the slowest crystallized PHBV12 shows the lowest Tm but the highest Tm peak after annealing.
From Table 2 , the melting heat of PHBV also increases after annealing whose increasing amount and percentage increase follow the order of PHBV5 > PHBV12 > solvent-cast PHB > hot-pressed PHB. While the percentage increase of ATR A(1230)/A(1453) absorbance ratio is in the order of PHBV5 > hot-pressed PHB > air side of solvent-cast PHB ~ Petri-dish side of solventcast PHB > PHBV12. Despite the uncertain gain of crystallinity during the DSC heating process, this clearly shows that the surface (from ATR analyses) and the bulk (from DSC measurements) have significant different crystallization behaviors which will significantly affect the biodegradation and biocompatibility properties of PHAs required in various applications.
Conclusions
The difference in the surface crystallization of poly(3-hydroxybutyrate) (PHB), PHB-co-5 weight percent 3-hydroxyvalerate (PHBV5), and PHB-co-12 weight percent 3-hydroxyvalerate (PHBV12), under different processing conditions is shown. The ATR results confirm that the crystallinity from the different penetration depths of hot-pressed specimens follows the order of 0.92µ > 0.41µ > 1.70µ. The outer surface layers all have a greater crystallinity than the inner or bulk layers. Regardless of the different penetration depths analyzed, the crystallinity of PHB decreases with the increase of 3-hydroxyvalerate content which is consistent with the DSC results. The surface crystallinity of all specimens increase after annealing and follow the order of Petri-dish side of solvent-cast PHB > hot-pressed PHB > air side of solvent-cast PHB > PHBV5 > PHBV12. The effect of annealing on promoting the crystallinity is more significant in the surface layer than in the bulk. The film forming method and the substrate contacted could affect the crystallization conditions and then change the surface crystallinity of PHAs.
Experimental

ATR analyses
The PHAs studied includes PHB (with , polydispersive index = 1.93, containing 12 weight % 3-hydroxyvalerate), which are all obtained from Aldrich and used as-received. Two different types of films, solvent-cast and hotpressed, are analyzed in this study. The hot-pressed films were prepared by thermally pressing different PHAs in a square aluminum mold with a thickness of 50 micrometers at 100 kg/cm 2 and 180 o C for twenty minutes, subsequently removed from the press, and then cooled in the mold at the room temperature. To prepare the solvent-cast PHB films, the PHB was dissolved with chloroform at 70 o C first to obtain 5 weight % solutions. Then the solventcast films were obtained by drying the PHB solution coated on the Petri dish at room temperature for 24 hours. In addition, the as-formed films were annealed at 120 o C for different periods of time to promote the crystallization. The prepared films were all stored in the refrigerator (below Tg) before analysis to avoid further crystallization during the storage.
The as-prepared and annealed films are analyzed using attenuated total reflection infrared spectroscopy (ATR). Three different parallelepiped internal reflection elements (IRE's), Ge(60 o ), KRS-5(60 o ), and KRS-5(45 o ), are used in the ATR analysis. The specimens are pressed against the IRE under a constant 0.22 Nm torque using a torque wrench, and placed in an ATR accessory made by Harrick Scientific Co. Two hundred scans are acquired at a resolution of 4 cm -1 from 4000 cm -1 to 600 cm -1 on a Perkin-Elmer 1725 Fourier Transform Infrared Spectrophotometer. Difference spectra were obtained by subtracting the baseline spectrum of a clean IRE. The intensities of the bands in the ATR spectra are used to identify the changes in crystallinity with respect to the penetration depth.
DSC analyses
A Perkin-Elmer DSC-7 was used to measure the melting endotherm of different specimens. The melting endotherm was measured at a scanning rate of 10 o C/min from -40 o C to 200 o C under a nitrogen environment (with a nitrogen flow rate of 30 ml/min). Three specimens prepared from hermetic Al pans are tested for each DSC measurement. The endotherm obtained was calibrated by the baseline obtained from the empty Al pan and the indium standard.
